1. Introduction {#s0005}
===============

Cardiovascular diseases are more prevalent worldwide compared to other diseases, amongst which myocardial ischemia caused by coronary blockage is by far the most frequent cause of mortality [@bb0005; @bb0010]. Imbalanced oxygen demand and supply to cardiomyocytes during coronary artery disease (CAD) activates cell death cascades and promotes myocardial infarction (MI) [@bb0015]. Advances in treatment based on currently available targets have failed to change the status of CAD/MI and therefore we await novel strides in fundamental understanding through which we might be able to manipulate progression of CAD and MI.

Changes in fatty acid compositions of myocardial lipids were found to be associated with CAD and MI [@bb0010]. Elevated phospholipase A~2~ (PLA~2~) mass and activity, as reported in patients with myocardial ischemia [@bb0020], lead to accumulation of unesterified arachidonic acid (AA) from phospholipids in the heart [@bb0025]. As a consequence, increased tissue levels of prostaglandins (PGs) e.g., PGI~2~, PGE~2~, and its isomer PGD~2~, generated via cyclooxygenase (COX)-mediated conversion of AA have been observed in the ischemic myocardium [@bb0030]. However, PGD~2~ is degraded in vitro and in vivo to a variety of metabolites, the majority of which were thought, until recently, to be physiologically inactive [@bb0035]. PGD~2~ is either metabolized enzymatically to 13,14-dihydro-15-keto PGD~2~ [@bb0035] (for chemical structures, see Supplement Fig. I) or readily dehydrated into J series prostanoids characterized by the presence of an α,β-unsaturated ketone in the cyclopentenone ring. Particularly 15-deoxy-Δ^12,14^-PGJ~2~ (15d-PGJ~2~, Supplement Fig. I), the final dehydration product of PGD~2~ has been shown to have broad effects on various cellular systems [@bb0040; @bb0045]. 15d-PGJ~2~ is a potent endogenous ligand for the peroxisome proliferator-activated-receptor γ (PPARγ), a member of the nuclear receptor superfamily of ligand-dependent transcription factors (for review see [@bb0050; @bb0055]). However, recent findings confirm that 15d-PGJ~2~ exerts a variety of cellular responses via PPARγ-independent mechanisms, e.g. activation of mitogen-activated protein kinases (MAPKs) [@bb0060; @bb0065], modulation of Akt and nuclear factor-κB (NF-κB) [@bb0070; @bb0075], induction of oxidative stress [@bb0080], expression of cytokines [@bb0085], promotion of apoptosis [@bb0090; @bb0095], up-regulation of antioxidant response genes [@bb0100; @bb0105] and modulation of COX-2 [@bb0110].

Depending on disease etiology, PGD~2~ may exert pro- as well as anti-inflammatory effects in different biological systems [@bb0115] via two distinct G-protein coupled receptors, (i) the D-type prostanoid receptor (DP1) and (ii) the chemoattractant receptor-homologous molecule expressed on Th2 cells (CRTH2, also named DP2). Although DP1-mediated activities have also been suggested [@bb0120], PGD~2~-derived metabolites seem to preferentially interact with DP2 [@bb0035].

Abundant DP2 mRNA expression has been found in human heart [@bb0125] and pronounced staining for DP1 and DP2 protein has been found in murine cardiomyocytes [@bb0030]. Qiu and colleagues [@bb0030] have recently reported that PGD~2~ (but not PGE~2~ or PGI~2~) favors cardiomyocyte death during MI. As high 15d-PGJ~2~ levels were detected in myocardial tissues subsequent to ischemia--reperfusion injury [@bb0130], this bona fide PGD~2~ metabolite is likely to act as the leading cause for cardiomyocyte death during CAD.

Therefore, the aim of this study was to explore whether 15d-PGJ~2~, formed in vivo during resolving inflammation [@bb0120], may interact with candidate receptors (DP1, DP2 and/or PPARγ) present on cardiomyocytes. Next we were interested in receptor-dependent or -independent activation of signaling pathways in cardiomyocytes. As 15d-PGJ~2~ may modulate cytokine production [@bb0085], expression and involvement of candidate cytokines that promote inflammation and/or apoptosis were studied. Finally, we sought to clarify structure--activity relationships of 15d-PGJ~2~ analogs-mediated effects in cardiomyocytes.

2. Materials and methods {#s0010}
========================

A detailed [Materials and methods](#s0010){ref-type="sec"} section on cell culture [@bb0135], isolation of primary murine cardiomyocytes [@bb0140], incubation protocols, Western blot analysis [@bb0110; @bb0145], RNA isolation and real time RT-PCR (qPCR) [@bb0150], TNFα RNA interference and silencing [@bb0110], reactive oxygen species (ROS) measurements [@bb0155], cell viability assay [@bb0155], TNFα ELISA experiments and statistics is available in the online Supplement.

3. Results {#s0015}
==========

3.1. 15d-PGJ~2~ promotes MAPK activation in cardiomyocytes via intracellular redox imbalance {#s0020}
--------------------------------------------------------------------------------------------

Treatment of HL-1 cells with increasing 15d-PGJ~2~ concentrations induced phosphorylation of p38 and p42/44 MAPK ([Fig. 1](#f0005){ref-type="fig"}A). As pronounced MAPK activation was observed at 15 μM 15d-PGJ~2~ ([Fig. 1](#f0005){ref-type="fig"}A), this concentration was chosen for further experiments. [Fig. 1](#f0005){ref-type="fig"}B/C show time-dependent activation of both MAPKs by 15d-PGJ~2~. Phosphorylation was detectable after 5 (pp38 MAPK) and 7.5 min (pp42/44 MAPK). MAPK phosphorylation reached maximal levels after 30 min that persisted up to 8 h. Densitometric and statistical evaluations of immunoreactive (non)phosphorylated MAPK signals ([Fig. 1](#f0005){ref-type="fig"}A--C) and normalization to β-actin is shown in the Supplement (Fig. II and Fig. IIIA/B). Total MAPKs and β-actin levels were unaffected by 15d-PGJ~2~.

Cellular activation by 15d-PGJ~2~ may induce ROS generation [@bb0110; @bb0160]. To clarify whether the formation of intracellular ROS in cardiomyocytes is affected by 15d-PGJ~2~ the peroxidase-sensitive probe DCFDA was used. Upon stimulation significantly increased DCF fluorescence was observed acutely after 2.5 min ([Fig. 1](#f0005){ref-type="fig"}D). In response to 15d-PGJ~2~ ROS levels reached a maximum at 15 min and were 1.4-fold above baseline levels after 60 min ([Fig. 1](#f0005){ref-type="fig"}D).

Next, we assessed the effects of antioxidants on 15d-PGJ~2~-treated cardiomyocytes. [Fig. 1](#f0005){ref-type="fig"}E (upper panel) shows that the antioxidant PDTC and Tempol (a cell-permeable nitroxide and superoxide anion scavenger) blunted 15d-PGJ~2~-induced ROS formation efficiently while NAC (also preferentially reacting with superoxide anions) was less effective. To test whether the time-dependent increase in ROS formation ([Fig. 1](#f0005){ref-type="fig"}D) precedes MAPK activation, cardiomyocytes were incubated with ROS scavengers prior to 15d-PGJ~2~ treatments. Tempol and PDTC completely blunted p38 and p42/44 MAPK phosphorylation ([Fig. 1](#f0005){ref-type="fig"}E, lower panel) while NAC was again less effective; phosphorylation of MAPKs was impaired by 40% (p38 MAPK) and 70% (p42/44 MAPK) (for densitometric evaluations of Western blots see Supplement Fig. IIIC/D). These findings suggest that 15d-PGJ~2~-mediated ROS activation is upstream of p38 and p42/44 MAPK phosphorylation.

3.2. DP2 mediates ROS production and MAPK activation in cardiomyocytes in response to 15d-PGJ~2~ {#s0025}
------------------------------------------------------------------------------------------------

15d-PGJ~2~-mediated cellular activation may involve receptor-independent and -dependent pathways [@bb0055]. To test involvement of candidate receptors for ROS production and MAPK activation, HL-1 cells were incubated with three different receptor antagonists/inhibitors. [Fig. 2](#f0010){ref-type="fig"} shows that CAY10471 (DP2 antagonist) but not MK0524 (DP1 antagonist) or T0070907 (PPARγ inhibitor) reversed 15d-PGJ~2~-induced ROS production (upper panel) and MAPK activation (lower panel) in cardiomyocytes almost to baseline levels (densitometric evaluations and statistical analyses of Western blots are shown in Supplement Fig. IVA/B). To reveal whether 15d-PGJ~2~ impacts on DP2 transcription, cells were stimulated with 15d-PGJ~2~ up to 8 h prior to RNA isolation. These experiments revealed that 15d-PGJ~2~ does not affect DP2 transcription ([Fig. 3](#f0015){ref-type="fig"}A; DP1 receptor expression was analyzed in parallel) and that ROS formation and MAPK activation are downstream events of 15d-PGJ~2~-mediated DP2 engagement. Furthermore, expression of PPARγ as well as its downstream target transcription factor NF-κB were not altered by 15d-PGJ~2~ treatment ([Fig. 3](#f0015){ref-type="fig"}B).

3.3. The DP2-ROS-MAPK axis increases TNFα transcription and translation in 15d-PGJ~2~-stimulated cardiomyocytes {#s0030}
---------------------------------------------------------------------------------------------------------------

DP2 plays a central role in pathogenic inflammation [@bb0165] and 15d-PGJ~2~ may promote induction of pro-inflammatory proteins under certain conditions [@bb0055]. We observed that mRNA levels of cytokines (interleukin \[IL\]-1α, IL-2, IL-6, IL-8, and IL-10) were not altered by 15d-PGJ~2~ treatments of HL-1 cells (data not shown), while TNFα levels were highly upregulated on mRNA and protein levels by 3- and 6-fold ([Fig. 4](#f0020){ref-type="fig"}A and B), respectively.

Next, we aimed to elucidate intracellular signaling cascades that mediate this response. Both, SB203580 and PD98059 (inhibitors of pp38 MAPK and p42/44 MAPK kinase) significantly blocked TNFα transcription in response to 15d-PGJ~2~ ([Fig. 4](#f0020){ref-type="fig"}C). Of note, only CAY10471 (DP2 antagonist) but not MK0524 (DP1 antagonist) or T0070907 (PPARγ antagonist) reduced TNFα mRNA and protein expression levels in response to 15d-PGJ~2~ ([Fig. 4](#f0020){ref-type="fig"}C and D). Supplement Fig. V supports specificity and efficacy of the respective inhibitors to block respective MAPK pathways.

3.4. 15d-PGJ~2~-mediated TNFα induces the apoptotic machinery in cardiomyocytes {#s0035}
-------------------------------------------------------------------------------

TNFα has recently been shown to induce cardiomyocyte apoptosis in vivo [@bb0170; @bb0175]. This was now investigated in HL-1 cells. 15d-PGJ~2~ treatment (15 μM) reduced cell viability in a time-dependent manner up to 35% after 8 h ([Fig. 5](#f0025){ref-type="fig"}A). [Fig. 5](#f0025){ref-type="fig"}B shows activation of the extrinsic (caspase-8) and intrinsic apoptotic pathways (bax and caspase-9) as well as induction of caspase-3, the convergence point of both pathways. Furthermore, downstream events of caspase-3 activation, namely PARP cleavage (a hallmark of apoptosis) and activation of γH2AX (an indicator of DNA damage) became apparent ([Fig. 5](#f0025){ref-type="fig"}B; densitometric evaluations and statistical analyses of immunoreactive bands are shown in Supplement Fig. VIA/B).

As a 4 h treatment of cardiomyocytes with 15d-PGJ~2~ led to pronounced activation of the apoptotic machinery ([Fig. 5](#f0025){ref-type="fig"}B, Supplement Fig. VIA/B), this time point was chosen for further experiments. To confirm TNFα as an inducer of cell death, HL-1 cells were transfected with TNFα-siRNA prior to 15d-PGJ~2~ treatments (silencing efficacy is shown in Supplement Fig. VII). Silencing of TNFα restored cell viability ([Fig. 5](#f0025){ref-type="fig"}C) and reduced expression of apoptotic markers ([Fig. 5](#f0025){ref-type="fig"}D; densitometric and statistical evaluations of Western blots are shown in Supplement Fig. VIC/D).

To confirm that DP2 is the candidate receptor for 15d-PGJ~2~-dependent TNFα synthesis and apoptosis, cardiomyocytes were pre-treated with specific antagonists. Only the DP2 inhibitor CAY10471 (but not MK0524 or T0070907) effectively restored cell viability of 15d-PGJ~2~-treated cardiomyocytes ([Fig. 5](#f0025){ref-type="fig"}E). Summarizing these observations ([Figs. 4 and 5](#f0020 f0025){ref-type="fig"}), we conclude that 15d-PGJ~2~ induces cardiomyocyte death pathways through the involvement of the DP2/TNFα axis.

Next, we studied TNF receptor involvement in 15d-PGJ~2~-mediated apoptosis. Pharmacological antagonism of TNF receptor 1 and 2 (R-7050, [@bb0175]) inhibited the extrinsic and intrinsic apoptotic pathways ([Fig. 5](#f0025){ref-type="fig"}F; densitometric and statistical evaluations of Western blots are shown in Supplement Fig. VIII).

3.5. 15d-PGJ~2~-induced signaling is calcium-independent but mediated via its cyclopentenone ring {#s0040}
-------------------------------------------------------------------------------------------------

The interaction of 15d-PGJ~2~ with DP2 could promote the pro-inflammatory cascade via alterations in intracellular calcium concentrations [@bb0055]. To reveal whether this route might be operative in HL-1 cells, the cell permeable Ca^2 +^ chelating agent EGTA-AM was used. Preincubation of cardiomyocytes with EGTA-AM did not affect 15d-PGJ~2~-stimulated TNFα synthesis on mRNA and protein levels suggesting that the observed pro-inflammatory effect is independent of intracellular calcium homeostasis ([Fig. 6](#f0030){ref-type="fig"}A and B).

To get insight into the structural requirements that mediate increased ROS production in cardiomyocytes, two chemical analogs of 15d-PGJ~2~ were tested. 9,10-Dihydro-15d-PGJ~2~ lacks the reactive α,β-unsaturated carbonyl group and an electrophilic carbon atom in the cyclopentenone system (Supplement Fig. I). 13,14-Dihydro-15-keto PGD~2~ further lacks the electrophilic carbon atom and the aliphatic double bond adjacent to the cyclopentenone system (Supplement Fig. I). Compared to 15d-PGJ~2~, treatment with 9,10-dihydro-15d-PGJ~2~ did alter neither DCF fluorescence ([Fig. 6](#f0030){ref-type="fig"}C, upper panel) nor phosphorylation of MAPKs ([Fig. 6](#f0030){ref-type="fig"}C, lower panel). In a parallel approach, cardiomyocytes were treated with the DP2 agonist 13,14-dihydro-15-keto PGD~2~. These data ([Fig. 6](#f0030){ref-type="fig"}C) demonstrate that DP2-mediated ROS formation and activation of MAPK is due either to the cyclopentenone ring present in 15d-PGJ~2~ or to a hydroxycyclopentanone system present in 13,14-dihydro-15-keto PGD~2~. Densitometric evaluations and statistical analyses of Western blots are shown in Supplement Fig. IX.

3.6. 15d-PGJ~2~ induces apoptosis in primary murine cardiomyocytes via DP2/MAPK/TNFα signaling {#s0045}
----------------------------------------------------------------------------------------------

To confirm our findings obtained in HL-1 cells in a more physiological setting, primary murine cardiomyocytes were isolated and selected experiments were performed. Treatment of primary cardiomyocytes with increasing 15d-PGJ~2~ concentrations induced phosphorylation of p38 and p42/44 MAPK ([Fig. 7](#f0035){ref-type="fig"}A) at much lower agonist concentrations (10--100 nM) when compared to HL-1 cells (15 μM, [Fig. 1](#f0005){ref-type="fig"}A). As pronounced MAPK activation was observed at 50 nM 15d-PGJ~2~ ([Fig. 7](#f0035){ref-type="fig"}A), this concentration was chosen for further experiments. [Fig. 7](#f0035){ref-type="fig"}B shows that 15d-PGJ~2~ does not affect DP2 transcription (DP1 receptor expression was analyzed in parallel) while an increase of TNFα mRNA was observed already at 2 h post treatment. After 8 h, TNFα transcription was increased by approx. 5-fold. Under these conditions (8 h) TNFα protein concentrations released by primary cardiomyocytes increased to approx. 300 pg/ml (vs. 35 pg/ml under basal levels). Preincubation of cardiomyocytes with the DP2 inhibitor CAY10471 reduced TNFα levels by 62% (to approx. 105 pg/ml) ([Fig. 7](#f0035){ref-type="fig"}C, upper panel). As TNFα has been shown to induce apoptosis in HL-1 cells ([Fig. 5](#f0025){ref-type="fig"}) this was now tested in primary cardiomyocytes. [Fig. 7](#f0035){ref-type="fig"}C (lower panel) shows 15d-PGJ~2~-mediated activation of the extrinsic (caspase-8) and intrinsic apoptotic pathways (caspase-9), induction of caspase-3 (the convergence point of both pathways), and PARP cleavage. Pretreatment of primary cardiomyocytes with CAY10471 partially inhibited caspase-8 and -9 (by approx. 50%) and caspase-3 and PARP cleavage completely ([Fig. 7](#f0035){ref-type="fig"}C, lower panel).

4. Discussion {#s0050}
=============

The development of sarcolemmal membrane injury and the associated loss of cell viability observed during myocardial injury are causally related to progressive phospholipid degradation [@bb0180]. The net loss of phosphatidylcholine during MI correlates with PLA~2~-mediated generation of free AA that can directly induce apoptosis in cardiomyocytes [@bb0185; @bb0190; @bb0195] or is fuelled into PG biosynthesis. Clearly, the majority of biological effects mediated by AA can be attributed to COX-mediated formation of PGH~2~ and subsequent isomerization to primary active PG metabolites by distinct PG synthases. In vivo studies demonstrated that in cardiomyocytes the PLA~2~/COX/PGD~2~ synthase cascade is responsible for PGD~2~ formation [@bb0200] from its precursor PGH~2~. Expression analysis revealed that PGD~2~ synthase is abundant in heart tissue where immunoreactivity is localized to atrial and ventricular myocytes [@bb0205].

Lipid mediators can be either anti- or pro-inflammatory depending on disease etiology, cell type and eicosanoid receptor expression [@bb0120]. Not surprisingly, there is also some controversy concerning the outcome of PGD~2~ signaling in the heart: While Qiu and coworkers [@bb0030] have reported that PGD~2~ induces cardiomyocyte apoptosis during MI, another group [@bb0200] suggested that glucocorticoid induction of PGD~2~ synthase is cardioprotective. This could be due to different signaling cascades or altered downstream metabolism of PGD~2~.

Like other prostanoids, PGD~2~ is rapidly converted into various metabolites in vivo [@bb0120; @bb0210]; some of the species transported in the circulation produce effects at cells/organs distant from the site of PGD~2~ synthesis [@bb0215]. Hirai and colleagues [@bb0215] suggested that PGD~2~ metabolites such as 13,14-dihydro-15-keto PGD~2~ and 15d-PGJ~2~ might play important physiological roles that are mediated via DP2. To clarify effects of 15d-PGJ~2~ on HL-1 cell and primary cardiomyocyte function in vitro we have used pharmacological and genetic tools. Results from the present study suggest that 15d-PGJ~2~, via engagement of DP2, induces ROS production and MAPK activation. These events augment TNFα synthesis that, via autocrine and/or paracrine signaling induces apoptosis in HL-1 cells and primary cardiomyocytes through activation of extrinsic and intrinsic apoptosis pathways.

In principle, 15d-PGJ~2~ can exert its activity via receptor-dependent and/or -independent pathways [@bb0055]. Here we could demonstrate that 15d-PGJ~2~ signaling is mediated by DP2 (but not DP1 or PPARγ) in a calcium-independent manner ([Fig. 6](#f0030){ref-type="fig"}A/B). DP1 has been primarily reported to regulate dendritic cell function [@bb0220] while DP2 was suggested to promote inflammatory pathways [@bb0225]. 13,14-Dihydro-15-keto PGD~2~ is a selective DP2 agonist [@bb0230], while little information is available about the ability of 15d-PGJ~2~ to stimulate DP1 [@bb0120] and/or DP2 receptors [@bb0235].

Results obtained here clearly indicate that 15d-PGJ~2~-dependent signaling events are mediated via DP2 in HL-1 cells and primary murine cardiomyocytes. In line, we have observed potent activation of ROS production and stimulation of the p38 and p42/44 MAPK pathways by 15d-PGJ~2~ ([Fig. 2](#f0010){ref-type="fig"}).

During the present study MAPK activation started at low micromolar concentrations ([Fig. 1](#f0005){ref-type="fig"}A). From previous studies it was concluded that only a minor fraction (approx. 4%) of exogenously added 15d-PGJ~2~ is biologically active while the remainder is either trapped or metabolized [@bb0120]. Taking this into account, concentrations of 15 μM 15d-PGJ~2~ used for HL-1 cells in the present study result in approx. 20 ng/ml active compound, a concentration that would parallel levels of at least 5 ng/ml detected under in vivo inflammatory conditions [@bb0120]. Most importantly, 15d-PGJ~2~ concentrations used in primary cardiomyocytes for activation of MAPK, TNFα induction and subsequent cell death are in the low nanomolar range ([Fig. 7](#f0035){ref-type="fig"}). Thus our in vitro findings suggest that low agonist concentrations may be operative under in vivo conditions.

To the best of our knowledge we are the first to show that ROS formation as well as p38 and p42/44 MAPK activation (preceding TNFα induction) by 15d-PGJ~2~ in cardiomyocytes is dependent on its reactive α,β-unsaturated carbonyl group, as 9,10-dihydro-15d-PGJ~2~ failed to induce these signaling cascades. Thus, the electrophilic carbon center in the ring structure makes PGs susceptible to undergo reactions with nucleophiles such as the free sulfhydryl group of cysteine residues located in reduced glutathione or cellular proteins [@bb0050] that so far have not been characterized in detail during myocardial apoptosis.

In terms of nuclear receptor activation, it was demonstrated that 15d-PGJ~2~ modulates inflammatory markers in neonatal cardiac cells via PPARγ-dependent and -independent pathways. The observed 15d-PGJ~2~-induced effects are independent of DP1- and PPARγ-mediated pathways in cardiomyocytes. In contrast to previous findings [@bb0160] where 15d-PGJ~2~ was reported to promote endothelial cell apoptosis via the ROS/p53 or ROS/MAPK/p53 axis, phosphorylation of p53 was not observed in the present study (Supplement Fig. X).

Our findings suggest that 15d-PGJ~2~ promotes ROS-dependent p38 and p42/44 MAPK activation ([Fig. 1](#f0005){ref-type="fig"}E). The p42/44 MAPK signaling is thought to promote cell survival under conditions of mild oxidative stress whereas the stress activated protein kinase p38 seems to induce cell death as a response to oxidative injury [@bb0240]. In line with results of the present study p38 MAPK activation can induce the extrinsic and intrinsic pathways of apoptosis although the ultimate outcome of SAPK signaling cascades appears to be cell context specific [@bb0245]. Oxidative stress-mediated activation of p42/44 MAPK appears to proceed via Raf activation, thiol modification of tyrosine kinase receptors, or oxidative inactivation of protein phosphatases. The activation of p38 (or more generally the SAPK pathway) by ROS results in apoptosis where apoptosis-signaling kinase 1 appears to play an important role as redox sensor for initiation of the SAPK response [@bb0245]. Which one of these pathways is activated in response to ROS generation in 15d-PGJ~2~-treated HL-1 cardiomyocytes or primary cardiomyocytes is currently unclear and was not addressed experimentally during the present study.

15d-PGJ~2~ suppresses the immune system by PPARγ-mediated activation of apoptosis in immune cells [@bb0250]. Previous studies have shown that PPARγ ligands including 15d-PGJ~2~ may inhibit cardiac hypertrophy in cultured neonatal rat cardiomyocytes [@bb0255]. Cardioprotective effects of 15d-PGJ~2~ include upregulation of PPARγ, expression of heme oxygenase 1, and inhibition of activation of NF-κB during ischemia--reperfusion injury [@bb0260]. Furthermore, administration of 15d-PGJ~2~ suppressed (i) expression of IL-1 (mRNA and protein level) in experimental autoimmune myocarditis [@bb0265] as well as (ii) LPS-induced expression of CXC chemokines and ROS-mediated expression of IL-8 (mRNA and protein level) in rat cardiomyocytes [@bb0270]. The collective results suggest that 15d-PGJ~2~ acts sequentially through PPARγ activation, IκB induction, blockage of NF-κB activation, and inhibition of inflammatory cytokine expression [@bb0275]. However, such an anti-inflammatory mechanism involving modulation of PPARγ ([Figs. 2 and 3](#f0010 f0015){ref-type="fig"}) and NF-κB ([Fig. 3](#f0015){ref-type="fig"}) was not observed in the present study.

A series of studies confirmed that MI is accompanied by myocyte apoptosis (for review see [@bb0280]). 15d-PGJ~2~ attenuated anti-apoptotic effects of endothelin-1 in primary rat cardiomyocytes [@bb0285]. Importantly, inflammatory cytokines derived from circulating blood cells [@bb0290] or local synthesis are inducers of the apoptotic machinery in cardiomyocytes. Among these, IL-1 [@bb0295; @bb0300], IL-6 [@bb0305; @bb0310], IL-17 [@bb0315] and TNFα [@bb0320; @bb0325; @bb0330] are the most potent mediators of cardiomyocyte apoptosis and cardiac remodeling. Our observations that TNFα is highly upregulated in 15d-PGJ~2~-stimulated HL-1 cells as well as primary cardiomyocytes and that pharmacological as well as genetic interference with this pathway effectively impairs extrinsic/intrinsic apoptotic routes ([Figs. 5](#f0025){ref-type="fig"}D/F; [7](#f0035){ref-type="fig"}C) are in line with these observations. In vivo, heart specific overexpression of secretable TNFα in mice augmented cardiomyocyte apoptosis through activation of multiple death pathways [@bb0170]. Thus, the contribution of inflammatory cells on 15d-PGJ~2~-induced pro-inflammatory cascades in cardiomyocytes under in vivo conditions remains to be elucidated.

Cardiac myocyte apoptosis has been identified as a mechanism of cell death during CAD and MI. The incidence of apoptosis varies significantly and the exact pathophysiological events and underlying signaling (mostly overlapping) pathways induced by inflammatory cytokines still remain to be clarified in detail for effective therapeutic treatment. Activation of TNFα is undoubtedly one of the major causes for myocardial apoptosis leading to cardiac remodeling through multiple routes. We here show engagement of 15d-PGJ~2~, a dehydration product of PGD~2~, in this process. Experimental work performed during the present study suggests that the DP2-ROS-MAPK axis plays a central role in this signaling circuit that ultimately leads to cardiomyocyte death via TNFα ([Fig. 8](#f0040){ref-type="fig"}). Both, p38 and p42/44 MAPK inhibitors were found to be equally effective to attenuate TNFα synthesis in cardiomyocytes in response to 15d-PGJ~2~ ([Fig. 4](#f0020){ref-type="fig"}C).

Previous studies clearly revealed that inhibition/antagonism of TNF represents one option to reduce cell death in the myocardium. However, TNF blockage would not prevent upstream engagement of DP2, generation of ROS and activation of the MAPK pathways that in turn might adversely affect other signaling cascades. From the present study ([Fig. 8](#f0040){ref-type="fig"}) it seems conclusive that blockage of DP2 receptors might serve as a novel and potential target to alleviate myocardial injury in response to COX-derived eicosanoids e.g. PGD~2~ and its dehydration product 15d-PGJ~2~ during CAD and MI. Data of the present study, together with the reported high expression of DP2 mRNA in human heart [@bb0125] suggest that DP2 antagonism could provide a potential pharmacological approach to interfere with PGD~2~-/15d-PGJ~2~-mediated cardiomyocyte injury.

Appendix A. Supplementary data {#s0060}
==============================

Supplementary material.

HL-1 cells were provided by Dr. Claycomb (New Orleans, LA, USA). This work was supported by the FWF (SFB-LIPOTOX F3007 and W1241; C.N.K. was funded by W1226-B18 within the DK-MCD at the MUG).

![15d-PGJ~2~ promotes MAPK activation in cardiomyocytes via intracellular redox balance.\
(A) HL-1 cells were treated with indicated concentrations of 15d-PGJ~2~ for 1 h to follow pp38 and pp42/44 MAPK expression by Western blot. Cells were incubated with 15d-PGJ~2~ (15 μM) for indicated time periods to follow (B/C) pp38 and pp42/44 MAPK expression and (D) ROS generation by DCF fluorescence. Cells were incubated with ROS scavengers (Tempol \[1 mM\], NAC \[5 mM\] or PDTC \[1 mM\]) for 30 min prior to 15d-PGJ~2~ treatments (15 μM) for 1 h to follow (E, upper panel) ROS generation and (E, lower panel) pp38 and pp42/44 MAPK expression. For Western blot analysis protein lysates were subjected to SDS-PAGE, proteins were transferred to nitrocellulose membranes and immunoreactive bands were visualized using specific primary and secondary antibodies. For normalization, membranes were stripped and probed with primary antibodies against β-actin as well as total p38 and p42/44 MAPK. One representative blot (A--C and E) out of three is shown. (D) For detection of intracellular ROS levels cells were incubated with carboxy-H~2~DCFDA (10 μM) for 30 min after treatment with 15d-PGJ~2~. DCF fluorescence levels of vehicle (0.1% DMSO)-treated cells were set 100% and values are expressed as mean ± SEM (n = 6). \* p ≤ 0.05 vs. untreated.](gr1){#f0005}

![DP2 mediates ROS production and MAPK activation in cardiomyocytes in response to 15d-PGJ~2~.\
HL-1 cells were incubated with MK0524 (100 nM), CAY10471 (1 μM) or T0070907 (20 μM) for 30 min prior to 15d-PGJ~2~ (15 μM) treatments for 15 min to follow ROS levels by DCF fluorescence (upper panel) and 1 h to follow pp38 and pp42/44 MAPK expression (lower panel). For detection of intracellular ROS levels cells were incubated with carboxy-H~2~DCFDA (10 μM) for 30 min after treatment with 15d-PGJ~2~. DCF fluorescence levels of vehicle (0.1% DMSO)-treated cells were set 100% and values are expressed as mean ± SEM (n = 6). \* p ≤ 0.05 vs. untreated and ^\#^ p ≤ 0.05 vs. 15d-PGJ~2~ treated. For Western blot analysis protein lysates were subjected to SDS-PAGE, proteins were transferred to nitrocellulose membranes and immunoreactive bands were visualized using specific primary and secondary antibodies. For normalization, membranes were stripped and probed with primary antibodies against β-actin as well as total p38 and p42/44 MAPK. One representative blot out of three is shown.](gr2){#f0010}

![Expression of PG receptors DP1, DP2 and PPARγ.\
HL-1 cells were incubated with 15d-PGJ~2~ (15 μM) for indicated time periods to follow (A) DP1 and DP2 mRNA expression using qPCR as well as (B) PPARγ and NF-κB protein expression using Western blot. For mRNA expression cells were lysed, RNA was isolated and qPCR was performed using specific primers. Values are expressed as mean ± SEM (n = 6). For Western blot analysis protein lysates were subjected to SDS-PAGE, proteins were transferred to nitrocellulose membranes and immunoreactive bands were visualized using specific primary and secondary antibodies. For normalization, membranes were stripped and probed with primary antibodies against β-actin. One representative blot (B) out of three is shown.](gr3){#f0015}

![DP2-ROS-MAPK signaling increases TNFα transcription and translation in 15d-PGJ~2~-stimulated cardiomyocytes.\
HL-1 cells were incubated with 15d-PGJ~2~ (15 μM) for indicated time periods to follow (A) TNFα mRNA expression by qPCR and (B) TNFα protein concentrations in the cell culture medium by ELISA. Cells were incubated with SB203580 (10 μM), PD98059 (25 μM), MK0524 (100 nM), CAY10471 (1 μM) or T0070907 (20 μM) for 30 min prior to 15d-PGJ~2~ (15 μM) treatment for 4 h to follow (C) TNFα mRNA expression and (D) TNFα protein concentrations in the cell culture medium. After treatment with 15d-PGJ~2~ the cell culture medium was removed and cells were lysed to isolate RNA for qPCR analysis using specific primers (A/C) (n = 6). The cell culture medium was used to quantitate TNFα concentrations using ELISA (B/D) (n = 3). Values are expressed as mean ± SEM. \* p ≤ 0.05 vs. untreated and ^\#^ p ≤ 0.05 vs. 15d-PGJ~2~.](gr4){#f0020}

![15d-PGJ~2~-induced TNFα activates the apoptotic machinery in cardiomyocytes.\
HL-1 cells were incubated with 15d-PGJ~2~ (15 μM) for indicated time periods to measure (A) cell viability using MTT assay and to follow (B) apoptotic markers by Western blot. Alternatively, cells were transfected with scrambled negative control siRNA (si-scr, 40 nM) or siRNA against TNFα (si-TNFα, 40 nM) for 6 h and grown for 24 h followed by 15d-PGJ~2~ (15 μM) treatment for 4 h to follow (C) cell viability and (D) apoptotic markers. Cells were incubated with (E) MK0524 (100 nM), CAY10471 (1 μM), T0070907 (20 μM) or (F) R-7050 (30 μM) for 30 min prior to 15d-PGJ~2~ (15 μM) treatments for 4 h to follow (E) cell viability and (F) markers of apoptosis. For Western blot analysis protein lysates were subjected to SDS-PAGE, proteins were transferred to nitrocellulose membranes and immunoreactive bands were visualized using specific primary and secondary antibodies. For normalization, membranes were stripped and probed with primary antibody against β-actin. One representative blot out of three (B, D, and F) is shown. Only cleaved (but not pro-forms) of PARP (cPARP), caspase-3, -8 and -9 are shown. Cell viability was measured following incubating cells with MTT (0.5 mg/ml) for 30 min after treatment with 15d-PGJ~2~. Optical density levels of vehicle (0.1% DMSO)-treated cells were set 100% and values are expressed as mean ± SEM (A, C and E) (n = 6). \* p ≤ 0.05 vs. untreated, ^\#^ p ≤ 0.05 vs. 15d-PGJ~2~, \*\* p ≤ 0.05 vs. si-scr and ^\#\#^ p ≤ 0.05 vs. si-scr + 15d-PGJ~2~.](gr5){#f0025}

![15d-PGJ~2~-induced signaling is calcium-independent and mediated via its cyclopentenone ring.\
HL-1 cells were incubated with EGTA-AM (50 μM) for 30 min prior to 15d-PGJ~2~ (15 μM) treatment for 4 h to follow (A) intracellular TNFα mRNA expression and (B) TNFα protein concentrations in the cell supernatant. After treatment with 15d-PGJ~2~ the cell culture medium was removed and cells were lysed to isolate RNA for qPCR analysis (A, n = 6) using specific primers. The cell culture medium was used for TNFα quantification by ELISA (B, n = 3). Alternatively, cells were incubated with 15d-PGJ~2~ (15 μM), 9,10-dihydro-15d-PGJ~2~ (dh-15d-PGJ~2~, 15 μM) or 13,14-dihydro-15-keto PGD~2~ (dk-PGD~2~, 1 μM) for 1 h to follow (C, upper panel) ROS levels by DCF fluorescence and (C, lower panel) pp38 and pp42/44 MAPK expression. For Western blot analysis protein lysates were subjected to SDS-PAGE, proteins were transferred to nitrocellulose membranes and immunoreactive bands were visualized using specific primary and secondary antibodies. For normalization, membranes were stripped and probed with primary antibodies against total p38 and p42/44 MAPK. One representative blot (C, lower panel) out of three is shown. \* p ≤ 0.05 vs. untreated.](gr6){#f0030}

![15d-PGJ~2~ induces apoptotic pathways in primary murine cardiomyocytes.\
(A) Cardiomyocytes were treated with indicated concentrations of 15d-PGJ~2~ for 1 h to follow pp38 and pp42/44 MAPK expression by Western blot. (B/C) Primary cardiomyocytes were incubated with 15d-PGJ~2~ (50 nM) (B) for indicated time periods to follow TNFα mRNA expression by qPCR, or (C) for 8 h to follow TNFα protein concentrations in the cell culture medium (upper panel) and markers of apoptosis (lower panel). For Western blot analysis protein lysates were subjected to SDS-PAGE, proteins were transferred to nitrocellulose membranes and immunoreactive bands were visualized using specific primary and secondary antibodies. For normalization, membranes were stripped and probed with a primary antibody against β-actin. One representative blot out of two (A and C, lower panel) is shown. Only cleaved (but not pro-forms) of PARP (cPARP), caspase-3, -8 and -9 are shown. After treatment with 15d-PGJ~2~ the cell culture medium was removed and cells were lysed to isolate RNA for qPCR analysis using specific primers (B) (n = 3). The cell culture medium was used for quantitation of TNFα by ELISA (C, upper panel) (n = 3). Values are expressed as mean ± SEM. \* p ≤ 0.05 vs. untreated and ^\#^ p ≤ 0.05 vs. 15d-PGJ~2~.](gr7){#f0035}

![Summary of 15d-PGJ~2~-induced signaling events in cardiomyocytes observed during the present study.](gr8){#f0040}
